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VALUE OF COKE, ANTHRACITE, AND BITUMINOUS COAL FOR 
nae STEAM IN A LOW-PRESSURE CAST-IRON 
BOILER. 


By Joun Buizarp, JAMES NEIL, AND F. C. HoucuTen. 


INTRODUCTION. 


Since its establishment the Bureau of Mines has been making tests 
and investigations relating to the increase of efficiency in utilizing 
fuels for the production of steam. The tests described in this paper 
were made by members of the Pittsburgh experiment station of the 
bureau. 

The value of a fuel for the generation of steam depends chiefly 
on the total heat content of the fuel, and the thermal efficiency of 
the boiler. The boiler efficiency varies with the rate of steaming, 
method of firmg, manipulation of the ash pit, fire door, and stack 
dampers, available draft, composition of the fuel, and construction 
of the boiler. 

The boiler used during these tests was suitable for heating a large 
building. In most buildings it would probably be fired irregularly 
with fairly large quantities of coal, and the fireman most likely 
would have no draft gages, carbon dioxide recorder, or flue-gas 
thermometer to guide him in burning the coal with highest efficiency. 
In the tests reported here, the boiler was fired with 150-pound 
charges of fuel; the intervals between each firing were decreased as 
the rate of steaming increased; and the ash pit, fire door, and stack 
dampers were regulated—after observation of the gas analyses and 
temperatures—to burn the coal with the smallest heat loss. The 
thermal efficiency in these tests were therefore higher than they 
would be in the average plant. 

The method of firing each fuel and operating the boiler was the 
same during all of the tests except five. In two of these bituminous 
coal was charged onto the front of the grate affer part of the fuel 
bed had been pushed to the back of the grate; in two others more air 
was permitted to enter the furnace than might have been considered 
desirable for highest thermal efficiency; and during the remaining 
test the area of the grate was reduced. 
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PRINCIPAL RESULTS OF TESTS. 


The complete results and comments thereon are recorded on later 
pages, but the outstanding features may be summarized briefly as 
follows: 

Tests were made at different rates of steaming with coke, anthracite, 
and bituminous coal. Two tests also were run with a mixture of 
equal weights of bituminous coal and fairly coarse coke breeze, and 
two more with a mixture of equal weights of bituminous coal and a 
finer coke breeze. The calorific value of the coke ranged from 10,700 
to 11,900 B. t. u. per pound; of the anthracite from 11,700 to 13,300 
B. t. u., of the bituminous coal from 12,900 to 13,900 B. t. u.; and of 
the coke breeze-bituminous coal mixture from 11,200 to 11,800 
B. t. u. The bituminous coal contained less ash than the coke or 
anthracite, about the same proportion of moisture, and, of course, 
far more volatile matter. 

The mean steaming values of the coke, anthracite, and bituminous 
coals were about the same. At the low rate of steaming, the coke 
and anthracite evaporated more water than the bituminous coal, 
and at the higher rates of steaming the bituminous coal evaporated 
more water than the coke or the anthracite. The steaming value of 
the mixture of the coarser coke breeze and bituminous coal was 
about 80 per cent of that of bituminous coal alone, whereas the 
mean steaming value of the mixture of finer coke breeze and bitu- 
minous coal was lower than that of the mixture of coarser coke breeze. 

When anthracite or coke was burned the thermal efficiencies were 
very high at the low rate of steaming, and fairly high at the high 
rate of steaming. They ranged between 79 and 66 per cent with 
coke, and between 77 and 66 per cent with anthracite. The main 
reason for the slightly lower mean efficiency with anthracite than 
with coke was that ash and refuse removed from the anthracite fire 
contained more combustible. The thermal efficiencies when burning 
bituminous coal ranged between 65 and 69 per cent. They varied 
little as the rate of steaming varied because as the rate of steaming 


Google 
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increased the excess air decreased, which so offset the loss due to 
the higher flue-gas temperatures that the sensible heat in the flue 
gas increased but little, and because the percentage radiation loss, 
and loss through carbon monoxide was less at the higher rates of 
steaming. The thermal efficiency with bituminous coal at the lower 
ratings was less than the efficiencies with coke and anthracite, partly 
because the flue-gas temperature was considerably higher when 
bituminous coal was burned, and partly because this coal contained 
more hydrogen, which increased the heat content of the flue gases, 
owing to the total heat of the steam present in them, formed by 
burning hydrogen and evaporating moisture in the coal. 

The high flue-gas temperatures while bituminous coal was burned 
were caused by the length of time required for burning the combus- 
tible gases, tars, and soot leaving the fuel bed, so that when they 
had burned the products of their combustion traveled a shorter 
distance to the stack, and therefore were unable to give up as much 
heat as they would have had they burned earlier in their path. 

It is essential, therefore, when designing a boiler to burn bitu- 
minous coal, to arrange it not only to burn the gases completely 
but as rapidly as possible. 

At the higher rates of steaming it was possible to burn the bitu- 
minous coal so that the flue gases contained little carbon monoxide 
and less free oxygen than when coke or anthracite was burned. 
When the free oxygen in the flue gas was increased by drawing more 
air into the furnace, so that the excess air increased from 40 to 100 
per cent, combustion of the gases and tar in the furnace and com- 
bustion chamber was hastened, the flue-gas temperature lowered, 
and the thermal efficiency slightly increased. This reduction of 
flue-gas temperature with an increase of excess air was observed 
only when bituminous coal was burned with a comparatively small 
excess of air. When the excess air in the flue gases from anthra- 
cite or coke was increased above 100 per cent, the flue-gas tem- 
perature rose and the thermal efficiency fell. 

When the mixture of bituminous coal and coke breeze was burned, 
the thermal efficiencies ranged from 57 to 65 per cent, and were less 
than those with the other fuels, mainly because the excess air on all 
tests, except one, was higher than in burning the other fuels. 


PURPOSE OF THE TESTS. 


The primary purpose of the tests was to determine the relative 
steaming values of coke, anthracite, and bituminous coal when 
burned in a low-pressure boiler, and fired by hand in fairly large 
quantities at a time. 

A secondary purpose of the tests was to separate the heat losses, 
and to examine them carefully to determine the change in efficiency 
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with the method of firing the fuel and manipulation of the draft 
dampers, with the rate of evaporation, and with the various fuels 
burned. 

Other purposes may be mentioned, such as determination of the 
draft used, temperatures and composition of the gases in the flues, 
furnace, and combustion chamber, and other factors affecting the 
operation of the boiler. 

Before these tests were completed, some special tests were run 
at the request of the Chamber of Commerce of Pittsburgh, to com- 
pare the steaming value and smoke emission of mixtures of coke 
breeze and Pittsburgh coal with those of the latter alone; results 
of these tests are also embodied in this report. 


METHOD OF CONDUCTING TESTS. 


All of the steam from the boiler passed to the atmosphere through 
an orifice box, at the outlet from which was an aperture, 34, 3, 24, 
or 1} inches diameter, depending on the desired rate of evaporation. 
The pressure in this box was kept as close as possible to 2 pounds 
per square inch above the pressure of the atmosphere, by opening 
or closing dampers to increase or decrease the rate of combustion 
of the fuel and the corresponding rate of evaporation. Tests were 
run with coke, anthracite, and bituminous coal at each of the rates 
of steaming, corresponding to the rates of flow under a pressure 
drop of 2 pounds per square inch through each of the four orifices, 
or at approximately 100, 80, 50, and 30 per cent, respectively, of 
the rated capacity of the boiler. 

Approximately 6,000 pounds of fuel was fired during each test 
except two, one in which the grate-area was reduced; and 
another (coke breeze mixed with bituminous coal) that was cur- 
tailed by the warping of the grate-bars, which were not designed 
for coke breeze. Throughout the series of complete tests, 150 
pounds of coal was charged at each firing, except rarely when it was 
necessary to fire a little more than that quantity. The intervals 
between firing varied with the rate of steaming; at the lowest rate 
the interval was about 85 minutes and at the highest rate about 20 
minutes. 

When fired, the fuel was spread over the whole grate in each 
test except two, in which after the upper part of the fuel-bed was 
pushed to the back of the grate, bituminous coal was fired on the 
front half of the grate only; that is to say, it was fired by the coking 
method. 

All the coal used was weighed; and the test started and stopped 
with a fairly thin fuel-bed, which, as nearly as could be judged, 
contained the same quantity of fuel. A sample of fuel was taken 
for analysis during each test. 
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The ash and refuse removed from above and below the grate 
were weighed, mixed, and then sampled for analysis. 

The water fed to the boiler was weighed; the feed tank was cali- 
brated to show its water content at any depth, and the boiler gage- 
glass was calibrated to show the quantity of water therein. 

The wet steam leaving the boiler passed through a steam sep- 
arator, and the water removed from the wet steam was weighed. 
The steam leaving the separator was assumed to be dry saturated 
steam. On no test did the water separated exceed 2 per cent of 
that fed to the boiler. 

The steam pressure, feed-water temperature, and draft, air, and flue- 
gas temperatures were read every 15 minutes during the tests. 

The draft, or difference between the pressure of the gases inside 
the boiler and air at the same altitude outside, was measured by 
observing the distance between the menisci of gasoline in a U-tube, 
which could be inclined to read to one one-thousandth of an inch 
of water. In all tests, measurements were made in the ash-pit, 
furnace, and the flue leaving the boiler and in some tests at addi- 
tional points in the path of the gases between the furnace and flue. 

To measure the flue-gas temperatures three exposed copper and con- 
stantan thermocouples of 22-gage wire were placed in the flue where 
the gases left the boiler. The difference between the e. m. f. of the 
hot and cold junctions was read by means of a potentiometer. Other 
special temperatures of the products of combustion were read during 
some of the tests with copper and constantan, chromel and alumel, 
and platinum and platinum-rhodium thermocouples, and a poten- 


tiometer. 
PARTICULARS OF BOILER. 


The boiler is a cast-iron, sectional type, known as the “No. 60,” 
with the following dimensions: 


Dimensions of boiler. 


Langth of grate, inches: «0:2 s.2. .sstsechcteswsecdcs chs teadecssssgelesece 178 
Width of grate, anchess sos csice cos s8 is 65.5 wine rash was se nhie Hel aeok occ Se cetein oe 60 
Area ot prate, AquAre Teeter. bose conn. yeasale tek oo Genie Pele Suites vs amtace veer 32.5 
Area of heating surface, square feet..........-.--------20-- eee eee eee eee eee 815 
Ratio of heating surface to grate area.........-..-2--20- 2-0-2 e ee eee eee eee 25 
Steam rating, square feet of radiation..............22------00- 2202 ee eee eee 15, 600 
Steam rating, 1,000 B. t. u. per hour................22..--.2..0--22--2---.. 3,780 
Volume of mixing chamber, cubic feet. ............----------2-------e2-- 20 
Volume of combustion chamber, cubic fect...........2....22-------20200-e 36 
Volume of furnace; cubic feet.c..5soccc.cccsen cosa nes st oneekonsseeesee ae 93 
Height from grate to roof of furnace, inches. ...... skccastesaadestesene 33.56 32 
Total’ nim ber of S6ChODS. awaccesssckenileniesewsxa dd ccccine unwed spews ie uese 20 
Length of foundation, inches................20- eee e ee eee eee cence eee eeeee 121 
Total: length of boiler/inchés:2.223324cse222 015% ectewaaascsdinessccancess 158 


‘ One test (No. 17) was run with the grate length reduced to 42 Inches, but with the full width of 60 
inches. 
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Width at foundation, inches. .................. 02. eee ee eee ee ee eee eee eee 72 
Width:of boiler? inches: :....:255.0c22¢8 cave ccssne ne atete seceeeeeecedencwebecn 98 
Height of boiler! inch ee: «cS. sdecsedcainasGelssguacsqaecistaacéseaaes se 87 
Height of waterline, inchede:s 35 2.25 2ccmeincsusicscen ace eincusees beets seccce 66 
Height of aah pit, inches. ....325s0c5- ck ee pet eee oe ck eaceene yedatesicesse 18 
Length of grate bars (double), inches.................-..2--2--2-2--2----- 60 
eae einer besiege, so tadahe inches.. sieieeennt Sess meEewcete 6 
Diameter of supply drum, inches.... aoasa ads weisis Se aleleisia sey wisi efoto sis 21 
Diameter of return drums, inches............-..-2--2- 2222s eee eee eee eee ee 8 
Distance from floor to smoke-pipe opening, inches..................----+--- 41 
Size of smoke-pipe opening (oval), inches............-...-2..---2-2-----0-- 16 by 37 
Area of smoke-pipe opening, square feet................--2----2--2-2-0200- 3.7 
Total area of openings, furnace to mixing chamber, square feet...........-. 4 
Asbestos coveting; Inches: 56s. J5s oso eos evince eda o dec se oeee sb eueciece aes 2 


During tests 1, 2, 3, 4, 5, 9, 10, 11, 13, 16, 17, and 1 SA, the coal was ~ 
burned on shaking grate bars, with air spaces 4 inch wide, occupying 
52 per cent of the total grate area. 

These grate bars warped when burning a mixture of coke breeze, 
and were replaced by the makers of the boiler for tests 2, 3, and 4 SA; 
7A, 8, 8A, 14, 14A, and 15, by stationary grate bars with }-inch air 
space, occupying 31 per cent of the total grate area. 


Figure 1.—Front view of boiler. 
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Figure 1 shows a front view of the boiler, with the eight doors to 
obtain access to the flues, and the two fire doors and two ash-pit doors. 
Each fire door was made in two separate—upper and lower—parts, 
and each had adjustable openings through which air might pass to 
burn the combustible gases rising from the fuel bed. The total area 
of these air openings was 121 square inches. 


ne 
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Fia. 2.—Transverse vertical section through furnace: a, openings in fireback to mixing chamber; }, 
openings from combustion chamber to front; d, openings from front to stack at back. 


Figure 2 shows a transverse vertical section through the furnace; 
Figure 3 shows a longitudinal vertical section through the boiler; and 
Figure 4 a horizontal section through the top flues. 

Each side of the boiler was composed of 20 cast-iron sections, each 
connected by one nipple to a water drum and by another to the steam 
drum. Joints between these sections were made with cement, so as 
to keep the gases flowing in the required path through the boiler. 

The gases left the boiler furnace through two openings, a (Figs. 2 
and 3), in the fireback section, passed into a mixing chamber, m, and 
thence through a vertical slot about 9 inches wide extending to the 
top of the mixing chamber from the floor, and into the combustion 
chamber c. From the mixing chamber they flowed up the top pass 
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Fic. 3.—Longitudinal vertical section through boiler, showing shaking grate, combustion chamber, flues, and damper at stack. 
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i q a 
Gases rising from combustion chamber flowed through 


openings at the back, forward through passages b, and descended through openings d, at front, to bottom 


i. " 
oe 
Fic. 4.—Section of boiler through top flues, 
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and moved towards the front of the boiler through the flues marked 6 
in Figure 2 and Figure 3, then down through the openings between 
the six sections shown at d, at the right and left hand front corner of 
Figure 4. They then passed through the four openings d in each sec- 
tion on each side to the smoke pipe. 


FUEL BURNED. 


The coke used came from the by-product coke ovens of the Carnegie 
Steel Co. at Clairton, Pa. Known as “domestic coke,” it consisted 
of a mixture of 60 per cent 21-hour coke and 40 per cent 19-hour coke, 
and was made from a mixture of coal from various mines, mostly 
in Fayette County, Pa. One cubic foot of the coke weighed 34 
pounds. A sizing test of this coke showed the results below. 


Sizing test of coke. 
Per cent. 
Through 2-1 Ch ecreeh ..05.5 2 isda S ake eseevnewe sd geee ch Ose sl jet agesemes bigs sabe 87 
Through: 1}-inchi scréen=.5.25 254 io3.555 o2.o5.58 sion Se ewsecscomtsoes acces estates 85 
Throtgh t-inch ecreensc. osac 55 o055.nusees sa ctaie tteaeneet cies sa ageesisasegs 62 
Through d-inch screen: ..<g00 s2se5 Rete o bine de 38s one neal satece tazslsebeeaes 13 
Through}-inch ‘screen 3 221... 2552-0095 see 22 eet eye ates sedeet ere sses anes OM 


The anthracite burned came from the Lykens Valley, and was of 
chestnut size. The bituminous coal burned alone came from the 
Pittsburgh district, and was of lump size. The bituminous coal 
mixed with the coke breeze also came from the Pittsburgh district, 
and was run-of-mine coal. It was mixed with an equal weight of 
coke breeze. The composition and calorific value of the coke, anthra- 
cite, bituminous coal, and coke-coal mixture are shown in Table 1. 

The proximate analysis and calorific value of a sample of the run- 
of-the-mine coal was as follows: 


Prorimate analysis and calorific value of Pittsburgh run-of-mine coal. 


As fired, Moisture free, 
percent, per cent. 


MOMSEUPO ss cissssxsncecassesudceshant auasesveseseacesgs7ss Ses WNG2) SS asewnes 
Volatile inatterss ies c.c0.c508 Sadie desas Gants caoe ste asesgee- ses 36. 21 36. 81 
BiXed Er bOh .ced caret cages hob 55556 5050s cesentencsenceensds 54.24 55.13 
NG Hache sce <p ctiteateure manele nt at se peedete eas heans 7.93 8. 06 

100. 00 100. 00 
Calorifie value (B. t. u. per pound)... 2.22.2... eee eee eee eee 13, 531 18, 754 


The coke breeze came from the by-product coke ovens of the Jones 
& Laughlin Steel Co. It was in two sizes, a coarser that passed 
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through a } to 1 inch screen and a finer that passed through a 4-inch 
screen. The size of the particles was as shown below: 


Sizing test of coke breeze. 


Size of Coarse, Fine, 
screen opening, percent per cent 

inch, through. through. 
Bonn acucav adwacleldbiste de caba denies dnalenaarapinsesodsshsdseadeie cseeeaccs 78. sss 
B's aac ghes ab ne saace she eee ee Boat IS FAR Ne eeneaeuaeTeeete alse Etese 67 100 
BS Meraraigtd ptt Nese chisel he let Ae Nats Ee EA ee ine 50 78 
Rc ecetern te Us Me eMC WEY eePaTeVEecls Us Baie coe KC ea Cee sas OREN 33 60 
Pye hocesokecclets is va dataais Si Cos waes Sobee ek obese bee Ecos sbiadineedea 11 9 


The proximate analysis and calorific value of three samples of the 
coke breeze were as follows: 


Prorunate analyses and heating value of cote breeze. 


Coarse coke breeze (tests 1 and 2): 
As fired, Moisture free, 
percent. per cent. 


MOISbUTE 23 75a ook rasa ae Soe e ee ecb oa tbe late oa Seka sad” ad peas 
Volatile mutteress 15.6.2 b5.02 dacs one aicies catet meddeoeacece 2.49 2.69 
Pixed (arbors... 20286 nle25 oaotantasdessenssases eters 66.35 71.64 
ABW ass Sada'guisle daasilee i as Se analalsicis waa elefe wells esisiotdsrels 23.77 25. 67 

100. 00 100. 00 
Calorific value (B. t. u. per pound ).........cceseeeeeeeeee- 9,748 10, 526 


Fine coke breeze (test 3): 
As fired. Moisture free. 


MOIstUROS 2c occiicset Re OSe soc beds sa decweesd paced saeheee Gi55"  “easzdeax 
Volatile matters c...2sciswease ss ciaak ovpewsbacece beeen Sai 3.40 3. 64 
PIxed: Coro 54.2. 86.526, 8245 bess eawehsesseoiseeeosaee tee 65.01 69. 56 
AD. pcscs ana scat ae eaegiss Sasa ts vee HAST AS SSRESRG TSOeREE 25. 04 26. 80 
100. 00 100. 00 

Calorific value (B. t. u. per pound )......--....2-2--22------ 9, 559 10, 229 

Fine coke breeze (test 4): 

MOINES A. Goss corantaae etek sseecocaceaarsarecagnsses ANU edidawreias 
Volatile matters 20.2 tanec vd ddtescuhccewraddedabapesecds 3.04 3.17 
Fixed carbon..............-2.-..4-- Sag ame he epbeieceeieee 66. 25 69.01 
BSD oases tases asabE desi ee Shei sed sisareceatwombeaee ee 26.70 27.82 
100.00 “100. 00 

Calorific value (B. t. u. per pound). .........22-eeeeeeeee 9, 995 10, 413 
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16 = VALUE OF COKE, ANTHRACITE, AND BITUMINOUS COAL. 
DISCUSSION OF RESULTS OF TESTS. 


Table 1 shows the principal results of the tests, grouped so that 
tests made at higher ratings follow those at lower ratings for the 
same fuel and method of firing. 

Four normal tests (1, 2, 3, and 14) were run with coke, five normal 
tests (4, 5, 7A, 8, and 8A) with anthracite, four normal tests (12, 
9, 10, and 11) with bituminous coal, and four with the mixtures of 
bituminous coal and coke breeze. During the normal tests the fuel 
was spread over the whole of the grate, and the dampers were ad- 
justed to obtain the highest carbon dioxide content in the flue gas, 
with little or no carbon monoxide. 
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Fic. 5.—Relative steaming value of fuels tested. 


An additional coke test (14A) was made with less carbon dioxide 
in the flue gas than during the other tests with coke. 

Four special tests were made with bituminous coal, one (17) with a 
reduced grate area, at a low rate of steaming, two (15 and 13) with 
the coal fired by the coking method, and another (16) with an in- 
creased air supply above the fuel bed. 
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COMPARATIVE STEAMING VALUE OF FUELS. 


As the calorific value of the coke, anthracite bituminous coal, and 
coke breeze differed in each test, and as the efficiency varied with 
the rate of steaming, it is impossible to give an exact figure that com- 
pares as a whole the relative steaming values of the fuels. The 
steaming value, or useful effect, of each fuel for each test is shown on 
line 39, Table 1, which gives the net quantity of heat transferred to 
the water in the boiler per pound of fuel fired. The mean steaming 
values at different rates of steaming are shown graphically in Figure 
5 by the perpendicular distance from points on the curves to the base 
line of the chart. 
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Fic. 6,—Over-all thermal efficiencies at different rates of steaming. 


This chart shows that at about one-half of the maker’s rating the 
quantities of steam generated by equal weights of coke, bituminous 
coal, and anthracite were about the same. At higher rates of steam- 
ing, the steam generated per pound of bituminous coal exceeded that 
generated by the anthracite and coke, but at the lower rate it was 
less. The mean steaming values of the coke and anthracite are about 
the same, and the steam generated by the mixtures of coke breeze 
and bituminous coal was less than that generated by the other fuels. 
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THERMAL EFFICIENCY. 


Line 46 of Table 1 gives the over-all thermal efficiency; below it 
are lines giving the heat losses; and Figure 6 presents the over-all 
thermal efficiencies at different rates of steaming, on a chart similar 
to that of Figure 5, showing the steaming values. 

The efficiency of the coke is shown by a straight line, on which 
lie the three points to the left corresponding to the three lower rates 
of steaming. One of the two points joined to the right of the curve 
corresponds to test 14 and is above the line, because from inaccurate 
judging of the fuel bed the actual efficiency during this test was 
probably lower than that found, as the undetermined loss was very 
low. The other point joined to the right of the line, and lying below 


IN FLUE FIRED. 


HEAT CARRIED AWAY IN DRY FLUE GASSES PER CENT HEAT 


a 
HEAT ABSORBED BY WATER, THOUSANDS OF B.T.U. PER HOUR. 
Fic. 7.—Heat carried away as sensible heat by dry flue gases at different rates of steaming. 


it, corresponds to test 14A, and is shown well below the curve. The 
lower efficiency during test 14A was caused by a comparatively high 
excess of air in the flue gases. (See line 26 in Table 1.) 

The anthracite efficiency is shown by a straight line that ap- 
proaches the coke efficiency line to the left, and gradually recedes 
from it to the right at the higher rates of steaming. 

The efficiency curve for coke lies well above that for anthracite, 
mainly because the heat lost by not burning the carbonaceous matter 
in the ash and refuse removed from the ash pit and grate was less 
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(line 50, Table 1), and partly because the coke contained less hydrogen, 
which made the loss due to steam in the flue gases a little over 1 
per cent less; and also partly because the dry flue-gas loss at the higher 
rates of steaming was less (Fig. 7). 

The efficiency with bituminous coal as fuel is shown by a straight 
line, corresponding to an almost constant efficiency of 66 per cent. 
This line lies below the anthracite line to the left, and cuts it on the 
right. To account for the practically constant efficiency, Figure 8 
has been prepared, which shows the thermal efficiencies and the 
various losses, as percentages of the heat in the coal. At the top 


Pas 


pp Tt Ta ee 
Bie 


HEAT ACCOUNT, PER CENT HEAT IN FLUE FIRED. 


7 g 8 8 g g 


coal a Co) ~ 
HEAT ON BOILER, 1,000 B.T. U. TRANSFERRED TO WATER PER HOUR. 
Fig. 8.—Heat account of of bituminous coal at different rates of steaming: R, Radiation, 


unaccounted for; LZ, carbonaceous matter in ash loss; T, heat content of total flue 
gases; H, thermal efficiency. 


is shown “the radiation loss and errors,’’ which is represented by the 
distance between the top curved line and the line, drawn perpen- 
dicular to the ordinates, through 100. These distances tend to 
decrease as the rating increases, because the heat lost by radiation per 
unit of time increases less rapidly with the load than the heat liber- 
ated by burning the coal to maintain the load. In these unde- 
termined losses are included those caused by tar, soot, and hydro- 
carbons in the gases leaving the boiler; the somewhat inconsistent 
100111°—22—_4 
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shape of this curve must be due partly to the relative quantities of 
tar and soot in the flue gases during the various tests. 

The distances between the upper curved line and the curved line 
immediately below it show the loss caused by carbonaceous matter 
in theash. Below this space the total observed flue-gas loss is shown, 
which includes the losses due to the sensible heat in the flue gas, 
the latent heat of the steam in the flue gas, and the loss through 
carbon monoxide. 

At the bottom of the chart are three curved lines: The distances 
from the base of the chart to the highest of these shows the total loss 
caused by the steam and dry flue gases, but does not include the loss 
attributed to carbon monoxide, which is shown separately at the 
bottom. The heat lost in the steam in the flue gas is also shown 
separately. 

The chart shows that the losses caused by radiation and errors and 
carbon monoxide decrease as the rate of steaming increases, enough 
to offset the small increase in the heat loss of the flue gases as the 
rate of steaming increases, and accounts for the small change in the 
thermal efficiency with the load. This small increase of flue-gas 
loss with the rate of steaming with bituminous coal will be discussed 
later (p. 26). 

Two special tests (13 and 15) were run with bituminous coal fired 
by the coking method. During No. 13 the efficiency was 67 per cent, 
or about 2 per cent higher than No. 10, which was run at practically 
the same rating, and fired by spreading the coal over the whole fuel 
bed at each firing. The heat account (items 46 to 52, Table 1 and 
Fig. 8) shows the losses caused by carbon monoxide and the unac- 
counted for losses to be higher, and the loss from carbon in the ash to 
be lower in No. 10 than in No. 13, but the other losses are practically 
the same; the higher efficiency for No. 13 is probably attributable to 
the loss in unburned gases and tars—undetermined by sampling and 
analysis—being less than in No. 10. This higher efficiency for No. 13 
is not to be attributed to the coking method of firing, but to the 
admission of more air over the fuel bed, for during test 13, the flue 
gases contained 77 per cent excess air but only 45 per cent in test 10. 
It is astonishing to find that in spite of the greater excess air, the dry 
flue-gas loss was slightly less than in test 10, but the temperature of 
the flue gas was much lower in test 13 (616° F.) than in test 10 (761° 
F.), and evidently during test 13 the gases rising from the fuel bed 
burned more rapidly and earlier in their path to the stack, because of 
the larger air supply, and thus were able to transfer more heat to the 
boiler. 

That the efficiency of test 13 was higher than that of test 10 
resulted from an excessive air supply instead of the method of firing is 
obvious on examining the results of test 15, fired by the coking 
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method, with 118 per cent excess air in the flue gases, and test 9, fired 
by the spreading method with 101 per cent excess air in the flue gases, 
at practically the same rates of steaming. 

In these tests there was far less difference in the excess air present, 
and in the flue-gas temperatures, while the efficiencies differed by 
only 0.7 per cent. . 

On examining the results of the tests with bituminous coal it became 
clear that what seemed the best gas analysis obtainable—that is, 
carbon dioxide as high as possible with little or no carbon monoxide— 
was not shown by the tests to be the best, for the thermal efficiency 
was higher with higher excess air. It was decided therefore to run a 
test (16) at a high rating, firing by the spreading method and using 
about 100 per cent excess air, to compare the results of this test with 
the previous test (11), at the high rating with about 40 per cent excess 
air. In spite of test 16 being run at about 10 per cent higher rating 
than test 11, with about 50 per cent more air per pound of coal, the 
flue-gas temperature was 170° F. lower, so that the loss due to the dry 
flue gas was only slightly higher. The efficiency (68.5) during test 16, 
with the increased airsupply, was the highest obtained with bituminous 
coal, and was 3.7 per cent higher than in test 11 (at the higher rating) ; 
this increase in efficiency is, however, to be attributed only in part to 
the excess air burning the gases more rapidly, for the loss through 
unburned combustible in the ash was higher in test 11. If the heat 
lost in the combustible in the ash be deducted from the available heat, 
then the efficiencies based on fuel gasified, or combustible consumed, 
are 69.8 with the larger air supply (test 16), and 68 per cent with the 
smaller air supply. It will be observed (item 51, Table 1) that the 
undetermined losses are less in test 16 than in test 11, which may be 
attributed partly to less loss in unburned tars and soot. 

There is a big contrast between the effect of admitting extra air to 
burn coke and to burn bituminous coal. Test 14A was made with 129 
per cent excess air and at aslightly lower rate of steaming than test 14, 
but the flue-gas temperature with the larger air supply was 65° F. 
higher, and the efficiency about 7 per cent less. 

Test 17, with bituminous coal, was run at approximately the same 
rating as test 12, but with a smaller grate, to see if the boiler could be 
operated with bituminous coal at a low rating with less excess air than 
in test 12, by increasing the combustion rate per square foot of grate. 
As the results show, however, the excess air was about the same in 
both tests, and the efficiency in test 17 with the smaller grate was 
slightly lower. 

The line (Fig. 6, p. 17) showing the boiler efficiency when burning 
the coarser coke breeze lies slightly below the bituminous coal line, 
because the ash and refuse losses were greater when burning it at the 
same rating. 
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In Figure 6 the efficiency line for the finer coke-breeze mixture 
starts on the left from a point slightly below the line showing the 
efficiency with the coarse coke-breeze mixture; but at a rate of steam- 
ing about 30 per cent higher, the efficiency is seen to be about 4 per 
cent lower, because of an increase of excess air in the flue gases. 


HEAT CARRIED AWAY BY STEAM IN FLUE GAS, 


Item 40 in Table 1 shows the heat carried away by the steam in the 
flue gas to be higher for bituminous coal than for anthracite, and 
higher for the latter than for coke, and that these differences are due 
almost entirely to differences in the hydrogen content of the fuels. 
The quantity of steam in the flue gas per pound of fuel fired, if the 
hydrogen in the fuel is all burned, is equal to 9 times the hydrogen 
content of 1 pound of fuel; the total heat of 1 pound of steam at very 
low pressure, and at the temperature of the flue gas, above 1 pound of 
water at air temperature, may be expressed by 0.47 7'+ 1086 —t, where 
T is the temperature of the flue gas and ¢ the temperature of the air. 
The total heat carried away per pound of fuel fired is therefore equal 
to 9 H (0.47 T+1086—t), where H is the pounds of hydrogen per 
pound of fuel fired. It is impracticable to recover the whole of this 
total heat of steam, as when Pittsburgh coal burns completely in air 
saturated with water vapor, at 60° F., so that no oxygen is present 
after burning, the gas formed has the following composition by 
volume: 


Composition of gases of combustion from Pittsburgh coal burning in moisture-saturated air. 


Per cent. 

Carbon dioxide: 21c.xsnssncak ea ne gone eOS8 eases STE Oe OOiG SS cess KaSe Rs 16.8 
Sulphur dioxide ss. cscscaxsseuacarastcees eoables se osaacernsr aves ies ccbsGcer 0.1 
DP LOATIL co state awe ajece b epoets isles orgapas WE de elsideoaaiseOaiasijarg AVess SSS Sees Se se oe 8.6 
NITRO Soe ranaccenpsehlneaaanauise tes bean cadisisrim cea Gis aah a ale cauinoaslgarsteleree 74.5 
Totsicace dcectad eras ecs ee sya dhe areresheenscareseeadesaahagsscinses 100.0 


Of the total steam in this gas, 6.9 volumes come from the coal and 
the remaining 1.7 volumes from the air, and if the gases were cooled 
at constant pressure the steam would only begin to condense at 
110° F., and all the steam from the coal would be completely con- 
densed at about the dew point of the air, 60° F. 

It is not impossible to construct an air or feed-water economizer 
that will reduce the temperature of the gases and condense most of 
the steam without corroding the heating surface with water containing 
dissolved sulphur dioxide; but it is impracticable, and in waste-heat 
economizers care is taken not to lower the temperature of the gases 
below the dew point. 

The calorific value ordinarily used in steaming tests is determined 
by burning the fuel in compressed oxygen in a bomb calorimeter, and 
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includes the heat given up by the products of combustion in returning 
to the imitial temperature and by the condensation of the steam 
formed from the fuel. 

To allow for the impracticability of condensing the steam in the 
flue gas from a boiler, the thermal efficiency of the boiler is sometimes 
taken as the ratio of the heat used for steam raising to the net cal- 
orific value of the fuel, which is calculated from the commonly used 
gross calorific value by making an allowance for the heat liberated in 
condensing the steam in the calorimeter. Values ranging from 1,080 
to 1,040 B. t. u. are used for the latent heat of the steam. In this 
paper the latent heat is taken as 1,040 B. t. u. per pound, which is 
the value suggested by the American Society for Testing Materials, 
and to obtain the net calorific value of the fuel, 1,040 B. t. u. must be 
deducted from the gross calorific value for each pound of steam 
formed per pound of fuel, or 9x H x 1,040 B. t. u., must be deducted 
from the gross calorific value of the fuel. 

The following table shows the efficiencies’ of the boiler when based 
on the net calorific value for some representative tests: 


TABLE 2.—Comparison of thermal efficiencies based on the gross and net calorific values 


of the fuels. 
Thermal efficiencies based on gross Thermal efficiencies based on net 
calorific values. caloritic values. 
| { 
Bituminous | Bituminous 
Fuel. i and coke An | ae coke 
~ |Bitum- breeze, +. | Bitum- TeeZe. 
Coke. ae {hbus: Coke. ae anonise 
Coarse. | Fine. - Coarse. | Fine. 
Thermal efficiency, 
per cent.......... 79,0 77.3 66.6 62.3 61.5 79.6 79.0 69, 2 64.0 63.1 
Per cent of builder’s 
Pating << se ccsaca 26 28 36 31 34 26 28 36 31 34 
Thermal efficiency, 
per cent... 5.2... 76.6 74.0 BLO ocacsewe 57.3 77.2 75.6 C220: lascccsex 58.9 
Per cent of builder’s 
Tating.3-.-cscu.s5% 50 54 Or Issvaseny 45 50 54 SG) esnsasea 45 
Thermal efficiency, 
per cent....-..... 73.8 65.8 64.9 O45 8) ess cees 74.4 67.4 67.3 68.5.) cas cKce 
Per cent of builder’s . 
ratings <0. sse 3525. 80 89 85 TL) Wecerenton 80 89 85 y 6 Un peers 
Thermal efficiency, 
per cent 73.5 65.8 BS. Bae vaivegie|vee pawns 74.1 67.3 
Per cent of builder’s 
rating. 113 102 ALT WNearatags|teacecs 113 102 


Table 2 shows that the increase in efficiency of the bituminous 
coal tests, based on the net calorific value, is about 4 per cent of the 
efficiency based on the gross calorific value, whereas it is less than 1 
per cent for the coke tests and anthracite tests. 


LOSS THROUGH COMBUSTIBLE IN ASH. 


The loss of combustible matter in ashes depends upon the ash con- 
tent of the fuel, and the combustible content of the ash and refuse 
removed from the ash pit and grate. The latter depends on the size 
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of the air openings in the grates, size of the fuel, design of the grates, 
manipulation of the fire, fusibility, and other physical properties of 
the ash. 

The bituminous coal contained 6 to 11 per cent ash, the anthracite 
10 to 16.5 per cent, the coke breeze and bituminous coal mixtures 
about 17 per cent, and the coke 15 to 21.5 per cent. The heat loss 
(item 50 in Table 1) is 2 to 5 per cent of the heat in the bituminous 
coal, 4 to 7 per cent of the heat in the coke, and 7 to 12 per cent of the 
heat in the anthracite. Thus, although the anthracite contained less 
ash than the coke, yet more combustible accompanied the anthracite 
ash. These three fuels were burned both on fixed grate bars with 
the smaller air spaces (} inch), and on shaking grate bars with the 
larger air spaces ($ inch), but there was no conclusive evidence to 
show that the loss of combustible in the ash was less through the 
fixed bars than in that through the shaking bars. But in burning the 
coarser grade coke breeze and bituminous coal mixture on fixed bars, 
the heat loss from combustible in the ash and refuse was about half 
the heat loss in burning the mixture on shaking grate bars, as is 
shown by the following table: 


TaBLE 3.—Combustible loss with shaking and fixed grate bars. 


Test number. 1S8A, 2SA, 

Grates ties s28.no5 6.50 ste sas sacuqeans 26 ake seas cemtasoSestes SS Shaking. Fixed. 
ATF PpPACe I Oars, INCHEA sss s Seo oseavsss sees ee50 aaa oe Seen ace 0.5 0. 25 
Air space, per cent total grate area.....-..--------. 2.22.2. eee eee 52 31 
Fuel fired per hour, pounds........----.2...2-..22.20-2-2--00-- 168 368 
Combustible in ash and refuse, per cent..----...........--.---- 31.9 20.1 
Heat loss per pound of fuel by not burning this combustible, 

Sih Wiacshs edocs anaes iain at tse noe seeaisee Meanie pdiana delosiae 1, 058 555 
Heat loss, per cent heat in fuel-...-........2..2--2---22-----0-- 9.4 4.9 


The fixed bars were used during both tests with the mixture of 
bituminous coal and the finer coke breeze and the combustible in the 
ash contained a considerably higher proportion of the heat in the fuel 
than when the mixture of bituminous coal and coarse coke breeze 
was burned. 


HEAT CARRIED AWAY BY DRY FLUE GASES. 


The heat losses caused by the dry flue gases leaving at a high tem- 
perature are shown in Figure 7 (p.18) for the variousfuels. For anthra- 
cite these losses were a little higher at the higher rates of steaming 
than for coke, with one exception (test 144, with coke), and were 
lower than the losses for bituminous coal alone or mixed with coke 
breeze. The abnormally high dry flue-gas loss with coke during test 
14A was due to the high excess air, which not only caused a direct 
loss by increasing the mass of the flue gases per pound of fuel, but 
also raised the loss because the larger mass of gases was cooled less 
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in passing through the boiler and left at a higher temperature. 
Similarly the point shown above the anthracite line is due to excess 
air. 


TEMPERATURE OF GASES LEAVING BOILER °F, 


: co) 
HEAT ABSORBED BY WATER, THOUSANDS OF B.T.U.PER HOUR. 


Fig. 9.—Flue-gas temperatures at different rates of steaming. 


In Figure 7 the dry flue-gas losses with bituminous coal, for all 
tests except three, lie nearly on a straight line. Of the two tests well 
above the line, the one shown to the left was for test 15, when coal was 
fired by the coking method, and both the flue-gas temperature and 
excess air were high; and the one to the right was for test 16, run at 
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a high rating, when additional air was admitted over the fuel-bed in 
order to ascertain the effect on the efficiency. The point shown well 
below the bituminous coal line to the left corresponds to test 17, in 
which the coal was burned on a smaller grate. The flue-gas losses 
were lower during this test because the flue-gas temperature was 
lower, probably owing to the longer mean travel of the gases from the 
grate to the stack. 

The line representing the normal flue-gas losses from bituminous 
coal is well above the lines representing the normal flue-gas losses 
with coke and anthracite, because the flue-gas temperature and excess 
air was considerably higher; as the rate of steaming increased, the 
excess air decreased considerably with bituminous coal, but increased 
slightly with coke and anthracite, so that the difference in the flue- 
gas losses for bituminous coal and these other two fuels decreased. 

The high flue-gas losses in burning bituminous coal mixed with 
coke breeze are the result of excess air, which may have come partly 
through the fuel bed, but was probably from the higher draft required 
to burn the fuel, more air being drawn through crevices in the bafe of 
the combustion and mixing chambers than when the other fuels were 
burned at the same rate with a lower draft. 


‘ 
FLUE-GAS TEMPERATURE. 


Figure 9 shows temperatures of the flue gas. They do not differ 
greatly for coke and anthracite, but are much higher for bituminous 
coal than for coke and anthracite. The higher temperatures were 
caused by more heat being liberated by tars, soot, and gas burning on 
the way through the boiler; had they been burned nearer the furnace, 
the flue-gas temperature for bituminous coal would have been much 
lower. 

The two points lying well below the bituminous coal line at the 
higher rates of steaming represent tests in which the excess air was 
higher than in the tests through which the curve passes, and the 
point below the line at the low rating is for test 17, in which the 
bituminous coal was burned on a smaller grate. 

The higher excess air had precisely the opposite effect on the point 
well above the line representing the coke tests, as raising the excess 
air increased the flue-gas temperature. 


EXCESS AIR IN THE FLUE GASES. 


Figure 10 shows the excess air in the flue gases when the several fuels 
were burned at different rates. In burning anthracite and coke the 
mean excess air is shown to increase slightly with the load, and to 
decrease considerably with bituminous coal. The point showing the 
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abnormally high excess air content at the highest rating with bitumi- 
nous coal was for test 16, in which more air was deliberately admitted 
to the furnace. It was impossible to burn the bituminous coal at 
low rates of steaming with as small an excess air content as with coke 
or anthracite, without having a high carbon monoxide content in the 
flue gas. At high rates of steaming, bituminous coal could be burned 
with less excess air than could either anthracite or coke. Evidently, 
at high rates of steaming, the flow of gases at the higher velocity 
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Fic. 10.—Excess air in flue gases at different rates of steaming with the several fuels. 


was more turbulent, which caused the air admitted over the fire to 
mix more thoroughly with the gases rising from the fuel bed, and 
this made it possible to burn the gases from the bituminous coal 
fire with less air at high than at low rates of steaming. Probably 
the higher excess air with anthracite or coke at high ratings is due 
partly to channels through which the air passes, forming in the fuel 
bed, and to leakage of air into the flues under the higher draft re- 
quired at the higher rating. 
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EXCESS AIR, TEMPERATURE, AND FLUE-GAS LOSS. 


When the air supply above the fuel bed of a boiler is increased, 
and the rate of steaming is kept constant, the loss due to the sensible 
heat in the flue gases usually increases because of the increased mass 
and temperature of the gases, and the admission of an extra supply 
of air is justified only if it reduces the combustible contents of the 
flue gases enough to offset the loss as sensible heat. 

This effect of the increase in the air supply is shown in tests 14 
and 14A, run roughly at the same rating. During test 14 there was 
102 per cent excess air, the flue-gas temperature was 554° F., and 
the dry flue-gas loss was 17.9 per cent; but on increasing the excess 
air in test 14A to 129 per cent, the temperature rose to 619° F. and 
the loss to 23.8 per cent; yet a comparison of two other tests with 
bituminous coal shows that the admission of more air over the fire 
bed actually reduced the loss due to sensible heat in the flue gases. 

These bituminous coal tests were No. 10 with 45 per cent and No. 
13 with 77 per cent excess air, at practically the same rating. The 
flue-gas temperature (616° F.), with the greater excess air was so 
much lower than with the smaller excess air (761° F.), that in spite 
of the larger quantity of flue gas the loss due to sensible heat in the 
flue gas was slightly lower during No. 13, and the greater air supply 
burned the combustible gases more thoroughly, so that the thermal 
efficiency was raised. But in a further short test at the same rating 
with a still greater air supply, although the gas temperature decreased 
the loss through sensible heat in the flue gas increased again. 

The effect of the air supply on the observed flue-gas losses for 
these three tests is shown in Table 4. 


TABLE 4.—Effect of excess air on flue-gas losses. 


Item. Test 10. | Test 15. | Test E. 
Per cent of maker’s rating....-. Be a 85 83 87 
Carbon dioxide, per cent....... 11.9 9.2 7.9 
Carbon monoxide, per cent. .... ass ous | 0.4 0.1 0.1 
Excess aif; perncentac. c2ocisiac.s aoeangassceat avceetaabatendaats ihenstab ss 45 77 121 
Fine-gas temipermtute:* Biss 35th sons cenatsegaatasdacas ceases eeeessaciee 761 616 570 
Flue-gas losses: } 4 
Loss through steam in flue gas, per cent... ........2. 2.200 ee sees eee eee 4.7 4.5 4.6 
LOSsincary- Aue gas peEricones . - csc tpon scenes sees. Moves qesennesasyss | 18.3 18.1 20.3 
Loss through carbon monoxide, per cent ............2...--..0--- 22 eee 1.7 0.3 0.7 
Total fluo-gas losses, Por COM. ..35se5cd came s5dgassactscnesessscaaee 24.7 22.9 25.6 


Another example of a considerable reduction of flue-gas temperature 
with an increase in the excess air is shown by comparing the results 
of test 16 (104 per cent excess air and a flue-gas temperature of only 
654° F.) with those of test 11 at a lower rating (only 39 per cent 
excess air and a temperature of 822° F.). The dry flue-gas and car- 
bon monoxide losses were greater in test 16 but the efficiency was 
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nearly 4 per cent greater, which may be attributed partly to the 
excess air reducing the tar, soot, and radiation losses and partly to 
the lower losses in ash and refuse. 

The upper part of Figure 11 shows how the temperature of the flue 
gas changed as the air supply was increased while the rate of steaming 
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Fig. 11.—Variation, at approximately constant steaming rates, of the gas temperature and total sensible 
and chemical energy in the flue gas as the air supply varies: a, Anthracite, 6, bituminous, c, coke, 


Numbers represent per cent of maker’s rating, 
was kept approximately constant for several tests. It will be observed 
that, for three tests at about 85 per cent rating, as the excess air 
increased from a small value, the flue-gas temperature dropped 
rapidly at first, and then more slowly until a little over 100 per cent 
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excess air was present in the flue gases, when on further increasing 
the excess air the flue-gas temperature rose. This marked drop in 
temperature under this condition was observed only when burning 
bituminous coal, although a slight drop was noticed when burning 
anthracite and increasing the excess air from 79 to 112 per cent. 

The lower part of Figure 11 shows the variation of the total 
observed flue-gas losses with the excess air. For the three tests at 
about 85 per cent rating, the observed total flue-gas losses reached a 
minimum with about 80 per cent excess air; had the tar and soot 
losses been determined and added to that total, the minimum losses 
would probably have occurred with a still greater content of excess air. 

In view of the high efficiency in test 16 with the high excess air, 
and the marked drop in temperature as the excess air increases up to 
about 100 per cent, it is probable that this boiler is most efficient 
when burning bituminous coal, with 80 to 100 per cent excess air 
in the flue gases. Obviously, more draft will be required to force 
this additional air through the boiler at the higher ratings. 


TEMPERATURE IN FURNACE. 


The temperatures of an exposed platinum and platinum-rhodium 
thermocouple placed in different parts of the furnace were meas- 
ured in some of the tests. This thermocouple did not indicate the 
actual temperature of the gases surrounding it, and the temperature 
of the thermocouple may have been higher or lower than that of the 
surrounding gases. If lower, it received heat by radiation from the 
flame and imparted it to the gases, and if higher, it received heat by 
convection and radiation from the flame, and lost heat by radiation 
to the walls. But since the thermocouple was small, it gave a fairly 
accurate indication of the temperature in the furnace. 

The two curves in Figure 12 show the variations of temperature 
when the thermocouple was moved over the fire-bed from front to 
back, and across the mixing chamber, on a level with the top of the 
bridge wall, and midway between the center of the furnace and the 
side wall. One temperature curve was obtained while burning 370 
pounds of coke per hour, the other in burning 370 pounds of bitu- 
minous coal per hour. Both curves are similar; the temperature near 
the front was comparatively low, because the gases rising from the 
fuel-bed were diluted with air entering through the fire doors; then 
toward the center of the furnace, the temperature rose rapidly, 
showing that more heat was generated by burning the gases than was 
given up to the furnace walls by the flame. As the gases approached 
the bridge wall they burned slower, because most of the oxygen in the 
air entering through the fire doors had already combined with the 
combustible gases, and the heat generated was less than the heat lost, 
so that the temperature fell. On crossing the bridge wall, the tempera- 
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ture rose on account of a further supply of air, which leaked in through 
crevices in the mixing chamber, meeting the gas current and oxidizing 
further its combustible contents. 

These temperature curves represent the temperature along only 
one horizontal line through the furnace and mixing chamber. 


TEMPERATTRE °F. 


Z 
od i 
cen owe or nMneonagemeRees 


NUMBER OF SECTIONS, EACH 6 INCHES WIDE, 
Fig. 12.—Temperatures over fuel bed and in mixing chamber. 


Other measurements during tests 8A and 4SA showed how the 
temperatures varied in transverse vertical planes across the furnace. 
These were measured in vertical planes, one coplanar with the opening 
through the bridge-wall and the other across the furnace midway 
between the furnace front and bridge sections. The following 
tabulations show the mean of several of these temperatures: 


TABLE 5.—Temperatures, °F., in plane of right-hand opening over bridge-wall. 
Test 8A, anthracite; 102 per cent rating, 


Nearest | Center | Nearest 

center of of furnace 

furnace. | opening. wall 
Topolepening 6 cscs is ccs cecal etna ies aldesbaaededcessssacsd pease sdatas 1, 805 1,740 1,610 
Center of opening... . 1,730 1,650 1,760 
Bottom of openings oye. sree thaws ee winsutceckwewe sowvanck veda seades 1,790 1,720 1, 


Test 4SA, fine coke breeze and bituminous coal; 34 per cent rating. 


Nearest | Center | Nearest 


center of of furnace 
| furnace. | opening. | wall. 
Top of opening . | 1,080 1,020 1,040 
Bottom of opening 960 940 990 
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The above shows that in test 8A the temperature was highest at 
the side of the opening towards the center of the furnace, where the 
velocity of the gas was highest, and lowest in the top right-hand 
corner; but the temperature at this corner was only 40° F. lower than 
the temperature at the center, and the variation of the temperature 
is so inconsistent that no definite conclusions may be drawn. 

In test 4SA, the temperatures at the top of the opening were higher 
than those at the bottom, and the highest temperature shown was 
140° F. higher than the lowest. 

TABLE 6,—Furnace temperatures, °F., in vertical plane midway between bridge-wall and 
front of furnace, between center line and right-hand wall. 


Test 8A, anthracite; 102 per cent rating. 


Center q 

Center Near 

line ces right 

furnace. | Gre door wall, 

: 

Nent roofal(arnsees. cc 22, necccecswensevererwenaswenuascitne petuwaw se came 1,700 1,555 1,570 
Twelve inches above fire-bed. .........ccscccssccsscccscecscccccsceccncces 1,745 | 1,675 1,760 
Truistiabove Are-bed « 5 60.5 .0.5 55205 ssc s cen eeeed can stavesesanccscasscncses 1,795 | 1,775 1,790 


Test 4SA, fine coke breeze and bituminous coal; 34 per cent rating. 


Center Center 
line line of 
of right 
furnace. | fire door. 


Near rool Of furnace. .........cccsescccececacncccccesncacccnecsstecccecesccscosevcece 1, 245 1,230 
Twelve Inches sbove Are-bedincs ao.sn cle csc sdaed bs ewes cebaatecsescecsnwewess ease wae 1, 230 | 1, 233 
1, 245 


Just above fire-bed 2.2 < cs secede succcecdsccedseten cones sececedesonsecsbacescsctecves 1, 230 


The furnace temperatures shown in Table 6, and observed during 
test 8A, were highest near the fuel bed; but when the thermocouple 
was near the fuel bed, a much smaller area was exposed to the radia- 
tion of the furnace walls, and a larger area exposed to radiation from 
the fuel bed, so that the higher temperature was partly due to smaller 
loss through radiation to the walls and greater gain by radiation from 
the fuel bed. The furnace temperatures measured during test 8A 
differed little from these observed when the gases left the furnace, 
which showed that from this section to the opening, the combustible 
gases had burned and given off enough heat to compensate for the 
heat the gases lost to the furnace walls on their way to the bridge 
wall. 

The furnace temperatures during test 4SA (coke breeze mixed 
with bituminous coal) are seen from the table to differ little in differ- 
ent parts of the furnace. They were lower than the corresponding 
temperatures in test 8A (anthracite), because the excess air supply 
was greater, the rate of combustion was lower, and a larger propor- 
tion of the heat generated by combustion in and above the fuel-bed 
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temperature of the gases flowing 


rom 


Fa, 13.— Position of thermocouples 9, 10, 
fi 


ower pass, 


11, and 12, used to measure the 
the upper to the] 
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was transferred by radiation to the furnace walls. They are higher 
also than the temperatures measured during the same test in the 
opening from the furnace to the combustion chamber, which shows 
that heat was lost to the furnace walls more rapidly than it was 
gained by combustion. 


TEMPERATURE OF GASES IN BOILER FLUES. 


During test 8A, the temperatures of the gases in and leaving the 
furnace were measured (Tables 5 and 6). Continuously throughout 
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A, mean of continous observation of three thermocouples, top combustion chamber. 

Band C, mean of continuous observation of temperature in top pass. 

D and E£, mean of continuous observation of temperature in upper inside section, bottom pass. 

Fic. 14.—General trend of the temperature of the gases across each section of the boiler: Mean of continu- 
ous observation of temperatures in A, top combustion chamber; B and C, top pass; D and E, upper 
inside section of bottom pass. 

the test, temperatures were also measured at the top of the combus- 

tion chamber, in the path of the gases leaving the top pass and enter- 

ing the lower pass, and at the exit of the gases from the boiler. 
The temperature of the gases leaving the combustion chamber was 
measured at the three points m, n, p, shown in Figure 4 (p. 9), and 
F ° ; 
was as follows: Left center, m, 1,310° F.; right center, n, 1,284° F.; 
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right side, p, 1,180° F. These figures show that the gases were hottest 
at the center because they entered the combustion chamber at the 
center and traveled a shorter distance to the center of the exit than 
to its sides. 

Points 9, 10, 11, and 12, in Figure 13, show where the tempera- 
tures of the gases were measured in their passage from the top to the 
bottom pass; the readings were as follows: 


Temperatures, °F ., of gases at four points. 
£ gs e Point 11. Point 12. 


TOP PARSsissccesaesae salezas peessesstecsags resesssosrsoatesee 822 883 
Point 10, Point 9. 
Botton Pass-osScisasc2sG4 ees est nese qhimeis ease tess gereieseme 540 658 


Figure 14 shows the general trend of the temperature of the gases 
across each section, where the observed temperatures from the com- 
bustion chamber to the stack are joined by curves, on the assumption 
that the rate of fall per section passed over is proportional to (¢ — 230), 
where ¢ is the temperature of the gas and 230 is about 3° F. above the 
temperature in the boiler. The mean rate of temperature drop 
per section in the top pass is 0.034 x (¢ — 230), and in the return 
along the bottom pass is 0.025 x (¢ — 230). Both curves are con- 
tinued to the front end of the boiler. 

It will be noticed that the upper temperature curve continued into 
the region where the gases turn downward is only slightly below the 
observed temperature (822° F.); and that the curve, on being con- 
tinued back from the front, is only about 30° F. above the gas tem- 
perature (658° F.) noted at point 9 in Figure 13. But the low tem- 
perature observed at point 10 (540° F.) shows that the main gas 
stream does not sweep out the space round point 10, but keeps close 
to the horizontal barrier when dipping downwards. The drop in 
temperature between points 12 and 9 immediately below, but separ- 
ated by the barrier, is decidedly high, and shows how turbulent in 
turning the gas flow must be to enable it to give up so much heat. 

Figure 15 ‘shows temperature curves obtained by moving the 
thermocouples from section to section through the boiler. A A 
represents the temperature in the top pass between the top of the 
combustion chamber and the front of the boiler, along a horizontal 
line in the second clear opening from the left. The curve does not 
show a constant drop of temperature per section per mean tem- 
-perature difference in degrees, because the temperatures were not 
read in a stream of constant mass flow; but in astream moving slowly 
at first, and then gradually gaining velocity as it is joined by gases 
from the center of the top pass, moving to the side toward the front 
rectangular opening and flowing down to the lower pass. The curve 
A A therefore falls more rapidly per degree of temperature difference 
in its higher part, because here the gases move more slowly than 
later when approaching the opening to the bottom pass. 
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Over the opening the curve A A falls rapidly. The curve B B 
represents the temperature in the same vertical plane as A A, but 
in the upper section of the bottom pass; C C was taken in the sec- 
tion below B B. These curves show the gases to be comparatively 
cool near the front, and to become hotter as they move toward the 
back. The gases near the front are moving very slowly, and are 
well out of the main stream of gases, which, as the temperature 
curves show, keeps close to the barrier in flowing to the bottom pass 
from the top pass. 


“LEGEND 
Top Pass 


AA-GAS pIOViNGe TOWARD FRONT —SIDE SECTION. 
Si0€ Fass 

BB-Gas mrovine TowsAD BACH —TOP SECTION. 

CC-Gas rIevViING TOWARD BACH —BOTTOM SECTION. 


TEMPERATURE °F. 


NUMBER OF SECTIONS. 

Fic. 15.—Curves showing temperature of gases along path from the top of the combustion chamber to the 
breeching. 

These curves also show how the very turbulent flow in rounding 

the horizontal barrier helps the gases to come into contact with the 


cooler walls and give up heat. This greater turbulence continues for | 


some distance along the lower pass, as is shown by the rate of drop 
of the temperature, being higher in the earlier part of the curves 
BB and C C than in the part nearer the back. This rate of tem- 
perature drop near the front of the bottom pass is much larger than 
could be accounted for by the higher temperature near the front. 
The gases move in each of the bottom passes through four main 
openings through the sections. During test 5, with anthracite, the 
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mean temperatures (°F.) of the gases leaving the centers of these 
sections were as follows: 


Mean temperatures, °F., of gases leaving sections. 


Outside. | Inside, | Differ- 
BE ppp de < ta ANE SASS TAS Sona Ba cee ean ee a 370 385 15 
BOO o<io5 siscsacacaveseqseeesacdocccnccnssacadesceeesacdeccssacenes cave 350 358 8 


CONNECTION BETWEEN TEMPERATURE DROP AND GAS FLOW. 


Table 7 shows the temperatures of the gases leaving the combus- 
tion chamber and leaving thie boiler. The tests are arranged so that 
tests with a large rate of gas flow succeed those with a smaller rate. 
In the fuel column the letter B signifies bituminous coal; M,, fine 
coke breeze and coal mixture; M,, coarse coke breeze and coal; 
A, anthracite; and C, coke. 


TABLE 7.—Temperature drop and gas flow. 


be ; o o |Sx 
3 3 Temperature leaving combustion | 5 £ |g3 
ea ro) aA chamber, °F. S 8.- \o3 
3) 4 3 ge /59 
Ee bet & = Ft as | 

fs] 22 | & sé |e .| es [Ee 
Test. Fuel! g= | 69 | & s L as |= |So Es 

ea s o 4 215 4 

eo eee | cf la |as fe _& 

Se howe dee a eh ek sy feels | hgenea® 

3 a x | 3 3 $8 | gv fes*|3 | 2° £88 

4 fy <s) na Zz Za a |2 hy A {A 

1 2 3 4 5 6 7 8 9 10 ll 12 13 

3, 970 441 362 1.0 

3, 974 382 | 416 1.3 

4, 289 452 | 328] 0.9 

4, 426, 402 | 305 1.0 

5, 594 580 | 467 0.8 

5, 638 410] 626] 15 

7, 130 537 | 930 1.4 

7, 830 570 | 463 | 0.9 

7, 9S2 571 392 0.8 

8, 013 464 | 205 0.6 

9, 100 554] 730] 1.2 

9, 560 529 | 768 1.3 

| 10, 437 654) 468] 0.7 

10, 870 619 | 429] 0.7 


1 This test was run for 6 hours only, and is not mentioned in the table showing the principal results. 


The figures in the last column of Table 7 are calculated from the 
mean temperature of the gases at the center of the top of the com- 
bustion chamber, the flue-gas temperature at the exit, and the tem- 
perature of the steam, by assuming that for a constant gas flow the 
drop in temperature per unit area of heating surface passed over by 
the gases is proportional to the difference between the temperature 
of the gas for this area and the temperature of the steam. This 
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assumption is based on experimental evidence, which shows that no 
great error is involved in using it, provided the gases do not burn in 
their passage between the two points and the flow is continuous. 
On this assumption, where 7 is the gas temperature, ¢ the steam 
temperature, S the heating surface, and C a constant expressing the 
drop in temperature per degree temperature difference per unit area | 
of heating surface, the fall of gas temperature along the path of gas | 
flow may be expressed by | 
ar 7x | 

—gg = O(T-4 | 

and on integrating between the limits 7, and 7, 
Log, (7!=4)=CS 
2 

where 7, is the initial and T, the final temperature, and S the total 
heating surface cooling the gases from 7, to T;. 


Hh M— Mixture of bituminous 
coal and coke breeze 


PERATURE DIFFERENCE BETWEEN GAS AND 


POUNDS DRY FLUE GAS PER HOUR. 


Fia. 16.—Drop in temperature per mean degree of temperature difference of gases between combustion 
chainber and exit from boiler. 


Log. ae CS, therefore represents the drop in temperature per 
2 
mean degree temperature difference for the whole surface passed 
over. 

Experiments have shown that the higher the rate of gas flow at a 
constant temperature over a small portion of the heating surface 
the less the drop in temperature at that place, and that approximately 
for the whole heating surface 


where a and b are constants and w the mass of gas flowing per hour. 
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If the above equation holds for a boiler, then points representing 

Log. = for each test plotted on w should lie on a single curve. 
2 


These points have been plotted in Figure 16; but the points lie in two 
distinct curves, the upper containing no tests with bituminous coal, 
and the lower with the exception of test 14A, with coke, solely rep- 
resents tests with bituminous coal. It is obvious, therefore, that 
the temperature of the gas from the bituminous coal fires fell less 
than that of the gas from the anthracite or coke fires for the same 
rate of gas flow. This smaller drop in temperature with bituminous 
coal may be attributed either to a source of heat resulting from the 
combustion of gases and soot between the combustion chamber and 
flue-gas exit, or to the deposition of soot on the heating surface. 
Had it been caused by the deposition of soot, then the flue-gas 
temperatures would have been much lower at the beginning than at 
the end of a test; but an examination of the complete records showed 
that these temperatures did not rise materially as the test progressed. 
The smaller temperature drop through the boiler, when burning bitu- 
minous coal, was due therefore to the combustion of gases, tars, and 
soot, which continued after the gases had left the combustion chamber. 


COMBUSTIBLE GASES, TAR, AND SOOT LEAVING FURNACE AND 
COMBUSTION CHAMBER. 


To determine the combustible constituents of the gas leaving the 
furnace and combustion chamber, when burning bituminous coal, 
samples were drawn off through a water-cooled tube and analyzed. 
Their analyses are shown in Table 8. 
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The figures in the three following tables have been calculated 
from the foregoing table and show the heat energy present in the 
gas as combustible, expressed as a percentage of the heat energy 


in the coal fired: 


Low rating, heat in combustible in gas, percentage of heat in coal. 


Before firing. After firing. 
Top Top 
Bridge | combus- | . | Bridge | combus- | sons 
wall. tion Flue gas. wall. tion Flue gas. 
chamber. chamber. 
0.2 01 4 Bile saceeebiais 
0.4 0.9 8 10; | ieee ans 
4.7 3.00 | 26 20 0.9 
|. 
3 | 40 | Siszadeiss 38 a | 0.9 


This table shows that far less combustible was present in the gas 
before than after firing, at which times more soot was present in the 
gas after leaving the combustion chamber than on entering it, 
probably in part at least because of the carbonization of the tar 
and dissociation of the methane (CH,=C+2 H,). This dissociation 
may also account for the hydrogen content of the gas leaving the 
combustion chamber being greater than that of the entering gas. 
At the medium rating, neither soot nor tar was found in samples 
of gas taken just before firing. After firing at the medium rating, 
the heat energy in the gas was as follows: 


Medium rating, heat in combustible in gas, percentage of heat in coal after firing. . 
Top 
Bridge | combus- 
wall. tion Flue. 


chamber, 


1 2) 

9 16 

6 ll 

16 | be Beer ree ys 


It is obvious that these samples were taken from different streams 
of gas, as more combustible was apparently present on leaving the 
combustion chamber than on entering it. 

Before firing at the high rate, the total heat loss percentage of the 
heat in the coal at the bridge wall was 0.4 per cent in the tar, 1.7 per 
cent in the soot, and none in the gas. No samples of gas were taken 
from the gas entering the mixing chamber or leaving the combus- 
tion chamber after firing and the tar and soot contents per unit 
volume of the gas leaving the chamber were about the same as those 
taken at the lower ratings before firing. 
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More tar and soot would have been burned had all the air been 
admitted into the furnace instead of entering the stream of gases 
through leakage after leaving the furnace; such intermingling of all 
the air with the gases in the furnace would have raised the furnace 
temperature, which in turn would have enabled the gases to cool 
more rapidly in passing over the heating surface. 

The dilution of the products of combustion after leaving the 
furnace by air from leaks has already been shown by temperature 
measurements; it is shown also from the composition of the gases. 
For the tests just mentioned, the air present per pound of carbon 
in the gases is shown in the table below: 


Dilution of gases with air from leaks. 


Pounds of air per pound of carbon in gas in its path from 
furnace to exit. 


+ = — = 


Before firing. After firing. 
Rate a 
Leaving | Leaving | 
Leaving | combus- | Leaving | Leaving | combus- | Leaving 
furnace. tion. boiler. | furnace. | | tien boiler. 
| chamber. \chamber. 
| 
AW pcsiaa cz odexe ys temo nese e sss sPn Fe gataad ILS 14.5 23.2 20.1 | 23.4 29.2 
Marne. 0 aca cela sasanecssaseacckwetay'p sal eons so. eanascaieata esses INL 19.9 39.6 
Wight. 6 eae oo ve ents Cx casa. 15.4 18,6 BG hn acc acann Seeccakadslenhastess< 


This table shows that 46 to 69 per cent of the total air entered the 
furnace, 4 to 12 per cent joined the gases in the combustion cham- 
eber, and the remaining 19 to 50 per cent joined the gases on their 
way from the combustion chamber to the boiler exit. Here again, 
however, are figures that are not to be taken too literally, for the 
samples of gas from the combustion chamber and furnace possibly 
contained less air than the average gas leaving the furnace or com- 
bustion chamber; nevertheless, it is obvious that considerable quan- 
tities of air passed into the boiler from leaks. 


COMPOSITION OF GAS IN THE COMBUSTION CHAMBER AND 
LEAVING THE FURNACE. 


Samples of gas were taken from the interior of the combustion 
chamber at the three points in the vertical transverse plane shown 
in Figures 17 and 18. Two of these points (C, and C,) were on a 
vertical center line of the boiler; the upper point C, was in the 
main stream of the gas as it moved from over the bridge wall through 
the central vertical slot to the top pass, and C, was below C,. Point 
C, was near the side of the combustion chamber, and gases enter- 
ing the combustion chamber through the central slot had to turn 
to the side before reaching C,. 


viatieay GOogle aaa 


COMPOSITION OF GAS IN COMBUSTION CHAMBER. 43 


All of the samples of gas taken from the interior of the combustion 
chamber were drawn through small pipes, which were not water- 
cooled because there was no means of inserting the larger water- 
cooled pipe in the combustion chamber; and the combustible gases 
passing through the pipe must have continued to burn to some 
extent on their way to the collecting bottle. Consequently, the 
samples collected from the combustion chamber contained less 


Fie. 17.—Rear elevation of combustion chamber, showing positions of gas samplers. 


combustible gas than those entering the sampling tubes at (,, C,, 
and C,. 

Table 9 summarizes the composition of the samples of gases taken 
from the furnace and combustion chamber. 

In the first four columns of the table are analyses of the gases taken 
during tests 8 and 8A with anthracite. 

At the time samples for test 8 were taken the fuel bed was evidently 
compact, with no air channels, and little air was admitted over the 
fuel-bed, as the gas leaving the bottom of the opening from the furnace 
to the combustion chamber, both before and after firing, contained 
so much combustible gas that its chemical energy represented 38 per 
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TaBLE 9.—Composition of gases leaving the furnace 


Kind of fuel. ............- Anthracite. Coke. Bituminous, 
\ 
Trialnumber.............. 8 8A 14 2 10E 1E 11E 
Before or after firing....... i B.F.JA.F.|B.F./A.F./B.F.|A.F.| B.F.)A.F./ BF.) A. F.|B.F.| A. FL 
Coalfired per hour, pounds.) 385 |...... yl 513 | 208 | 360 ]...... 450 |.....- 450 |....-- 
Furnace gases: 
Bottom of opening in- 
to mixing chamber—_| 
g | 13. 13.9 | 14. 
4. 5.3 : 
0.3 0.6 


Top of opening into 
combustion cham- 


Excess air, per cent: 
Bottom of openin a, 
to mixing chambe 0.0) 10.8} 98] 9.3 | 25.6 | 47.3 | 25.7 | 33.0] 93) 11.7] 94 
Top of opening intoy 
combustion cham- 


Per cent of heat of fuelin 
gas: 
Bottom of opening..... 38.1 | 54.4] 2.3] 2.2] 4.0] 16.0)...... 7.7 | 2.3 | 20.4] 7.3 | 10.5 
Top of opening, E nattes's | 
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and in the combustion chamber, per cent by volume. 


Bituminous—Continued. Coke breeze. 


13E 15C 12 4SA 45A. 
B.F.| A. F.|B. FA. FB. FJA. FB. F. B, FJA. FB. FA. F. 
bt] Rees Gee) Peers be Reed rere YC Bees peers Peers 


7.7] 12.8 | 60.2 | 16.6 |192.2 | 13.3 /198.6 | 12.8 | 89.9 | 10.5 | 50.7 | 20.4 | 57.5 4.5) 76.0 33.0 
acaacscledesncclescccsloencce|occees IS Picea} 9803 Legveeel 6.8 sccecsfevscset B24] 6.5 1288.) O88 
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cent of the heat in the coal before firing and 54 per cent of that after 
firing. And as only 1 to 2 per cent of the heat energy of the coal was 
present as combustible gas in the combustion-chamber sample, appar- 
ently almost as much heat energy was liberated in the combustion 
chamber as was liberated in the furnace. But this does not necessa- 
rily apply to the whole gas stream, as the remainder of the stream pass- 
ing from the furnace probably had a lower calorific value. Nor is it 
likely that the sample taken 
from the combustion cham- 
ber exactly represented the 
average composition of the 
gas there, and, as stated 
before, the combustible gas 
burned to some extent in 
passing through the sam- 
pling tube. 

The samples of gas taken 
from the combustion cham- 
ber before and after firing 
during test 8 contained 15 
and 11 per cent excess air, 
and from the flue leaving 
the boiler 55 per cent excess 
air. Most of this additional 
air probably leaked into the 
the combustion and- mixing 
chambers through cracks. 

The composition of two 
other samples taken while 
i — burning anthracite during 
aX KO xe a test 8A shows that much less 
Ss ee combustible was present in 
HP the gases leaving the fur- 
nace than when the samples 
Se MI KOK KKK B were taken during test 8; 

——— about the same proportion 

Fig, 18,—Side elevation of combustion chamber, showing Of combustible gas was pres- 

positions of gen samplers, ent at the top as at the bot- 

tom of the opening from the 

furnace, and about twice as much free oxygen was present at the top 
of the opening as at the bottom. The quantity of combustible in the 
gas was less in these samples than in those taken during test 8, 
because more air was admitted through the fire doors; that is to say, 
the gases were burned almost completely in the furnace when the 
samples were taken during test 8A, whereas in test 8 a large quantity 


ii 


» Google oat, 


ETON UNIVERSITY 


COMPOSITION OF GAS IN COMBWSTION CHAMBER. 47 


of the gases were burned in the combustion chamber with air that 
entered mostly by leakage. The admission of more air into the fur- 
nace during test 8A than in test 8 is shown by the composition of 
the flue-gas samples from test 8A, which contained about twice as 
much excess air. 

It is clear from the composition of the gases leaving the furnace 
collected during test 8A that enough air could be admitted to the 
furnace through the fire doors and mixed with the gases to burn 
almost completely the combustible gases rising from the fuel bed; 
but if all the air required to burn the gases were brought in through 
the fire doors, the air leaking into the combustion chamber merely 
diluted and cooled the gases. 

While samples were being taken in test 8, not enough air entered the 
furnace to burn the gases and the air that leaked into the combustion 
chamber was used to burn the gases instead of merely to dilute and 
cool them. Had no air leaked into the chamber, the gases would 
have been burned in the furnace by air admitted through the fire 
doors and the efficiency would have been higher because the gases 
would have burned earlier in their path and therefore would have 
reached a higher temperature. 

In Table 9 the composition of the special samples taken when burn- 
ing anthracite precede the composition of the special samples taken 
when burning coke during tests 14 and 2. 

During test 14 the sample of gas taken from the furnace exit before 
firing contained little carbon monoxide and only one of the three 
samples taken from the combustion chamber contained any of this 
gas. The samples from the three points C,, C,, and C, had practically 
the same composition, excepting that from point C,, nearer the side 
of the combustion chamber, which contained 0.2 per cent carbon 
monoxide, whereas the other two samples (from C, and C,) contained 
none. 

In test 2 the sample from the furnace exit after firing contained 
4 per cent carbon monoxide, which represented 16 per cent of the 
heat energy in the fuel. None of this gas was present in the cor- 
responding sample taken from the combustion chamber, although a 
trace was present in the flue gas. 

Eight sets of samples were taken while firing bituminous coal. 
In the table the letter E after the number of the test shows that the 
test was an extra one run solely to observe the composition of the 
gases and the density of the smoke; and the letter C denotes that the 
coal was fired by the coking method. 

This series of samples proves that much more combustible gas and, 
with the exception of one pair of samples, less free oxygen, were 
present in the samples taken as the gases left the furnace, just after 
firing, than were present just before firing. 
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The samples taken during test 10H, 11E, and 13E show that 
the combustible gases had burned before reaching the flue-gas exit; 
but during test 15C the percentage of heat of the coal present in the 
gases after firing remained practically constant from the furnace to 
the flue-gas exit; and after firing during test 12, considerable un- 
burned gases remained in the flue gas in spite of the presence of a 
good supply of free oxygen in the samples taken both from the com- 
bustion chamber and the flue. The combustible content of the sam- 
ple taken from the lowest sampling point in the combustion chamber 
was much higher than that of the one taken from the higher sampling 
point above it, in spite of a large free oxygen content, probably 
because of the lower gas velocity and poorer mixing at this part of 
the stream. 

The set of samples taken during test 4SA, after firing, from points 
C,, C,, and C, in the combustion chamber showed that there was 
less combustible gas present at the top in the center than at the 
sides or bottom, possibly because of the higher velocity and better 
mixing of the gases at the center of the stream. 

The special samples of gas as a whole show (1) the good design of 
the mixing and combustion chamber, wherein the large quantity of 
combustible gases leaving the furnace after firing was burned rapidly; 
(2) the leakage of air into the combustion chamber and flues which 
reduced the efficiency of the boiler; (3) the presence of far more com- 
bustible gas in the furnace exit after firing than before firing; and 
(4) that without opening the fire-door dampers enough just after 
firing, half of the combustion may remain to be completed in the 
mixing and combustion chambers. 


SMOKE. 


The density of the smoke issuing from the stack was estimated by 
comparing it with a Ringelmann smoke chart. Table 10 shows the 
densities at various rates of combustion. 

In the third column of the table, S denotes the spreading and 
C the coking method of firing. The figures give no conclusive evi- 
dence that less smoke will be produced in firing by the coking method. 
The smoke emission with spreading and coking methods for two 
firing periods are shown diagrammatically in Figure 19. 
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TABLE 10.—Smoke emission. 


Aver- | Dura- 


Rate 
| age in- | tion of | Flue- 

Method! , 0% | Coal | terval |smoke| gas | COz, | co, |EX¢ess| No.1, 
Test. " firing, per M . » | air, |smoke, 

No Fuel. i) pound firing between} read- |temper-| per per | per 
firing. | "per pound. pines , a a eau e, | cent. | cent. | cont. | cent. 

hour. | 2 
: | utes, utes, 
12 | Bituminous 8. 130 167 77 230 405 | 7.2) O4 146 | 22,22 
U2 teases do.... C. 150 150 60 120 467 7.7 | 0.7 120] 29.31 
WT. t-o226 do.. 8. 150 150 50 100 388 6.4] O1 187 | 17.35 
p) oi bere do. Cc. 225 68 18 87 594] 10.3] 0.5 78 | 30.85 
16 Jezez do. C. 225) 150 40 235 564 9.0] 1.0 89 | 32.00 
E |..... do. 8. 263) 153 35 205 556| 10.4] 1.6 52] 41.20 
1B }i.53 do. Cc. 270 72 16 98 565 7.5) O01 134 | 49.80 
10E |.....do 8. 360 150 25 100 536 84] 0.04 110 | 35.80 
13E |..... do Cc. 360 150 2 100 636 96) 0.0 102} 27.95 
11E |..... do 8. 450 150 2 60 636 8.9] 0.0 98 | 36.00 
LIE |..... do Cc. 450 150 20 80 673 8.0] 0.0 130 | 34.91 
1SA | Bituminous and 

coke breeze....| 8. 168 157 54 585 452 6.5 | 0.2 193 | 12.39 
yrs COs exasece sec 8. 368 154 B §21 571 7.8) O1 138 | 14.96 
3SA |....- GO: Scena cwews 8. 265 155 36 460 464 5.2] O1 258 | 13.43 
4SA }..... do.........05 s. 176 154 * 8 831 382 6.7} 0.2 172 | 16.57 


DRAFT REQUIRED TO BURN FUELS. 


More smoke was given off immediately after firing by the spread- 
ing method than after firing by the coking method; but more smoke 
was given off later in the firing period, after firing by the coking 
method, because of the necessary disturbance of the fuel bed in 
preparing it for the new charge of coal. 

As the excess air increased, the smoke generally decreased, though 
more smoke was observed, test 1E, with the high excess-air content 
of 134 per cent than in any other test. This high density of smoke, 
however, was largely caused by frequent disturbance of the fuel 
bed. 

During short tests 1E and 2E smaller quantities of coal were 
charged at a firing, but this did not reduce the smoke emission. 
In firing mixtures of bituminous coal and coke breeze the smoke was 
considerably less than when firing the former alone. 


TOTAL DRAFT. 


Figure 20 shows the draft in the flue where the gases left the 
boiler. The drafts with the coke-breeze mixtures were higher than 
with the other fuels because of the greater fuel-bed resistance and 
the larger quantity of air drawn into the furnace. The drafts with 
anthracite were greater than those with coke on account of the 
greater fuel-bed resistance. 

The curve showing the drafts for bituminous coal crosses the 
curves for anthracite and coke; it lies above them at the lower rates 
of steaming because the air supply was greater, and lies below them 
at the higher rates because the airsupply wasless. The isolated point 
above the bituminous coal curve is for test 16 with the abnormally 
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large air supply, and shows how an increase in the air supply mate- 
rially increases the required draft. 
ASH-PIT DRAFT. 


The draft used to draw the air into the ash pit, shown in item 22, 
Table 1 (p. 12) was increased at times by partly closing the ash-pit 
door in order to increase the draft over the fuel bed and thus draw 
more air over it. 
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LOAD IN BOILER, 1,000 B. T. U. 7RANSYERRED £0. WATER PER HOUR. 
Fic. 20.—Draft in breeching at different rates of steaming with the several fuels. 


DRAFT DROP THROUGH GRATE AND FUEL BED. 


Figure 21 shows the difference between the draft measured above 
the fuel bed and below the grates at various rates of combustion and 
with fixed and shaking grate bars. Only a little more draft was 
required to burn coke than bituminous coal; considerably more to 
burn anthracite and the mixture of the coke breeze and bituminous 
coal; more was required to burn the fuels on fixed grates than on 
shaking grates; and more was needed to burn bituminous coal by 
the coking than by the spreading method. 
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The curve representing the draft difference when burning coke 
on shaking grates shows the draft in the furnace to be less than that 
in the ash pit when less than 5.6 pounds of coke was burned per 
square foot of grate surface per hour, and most of the curves shown 
in Figure 21, if continued downward, would cut the axis of zero 
difference of draft for a positive rate of combustion, showing that 
at low rates of combustion the furnace draft is less than the ash-pit 
draft. To explain this a concrete example follows: 
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Fia. 21.—Difference in draft between furnace and ash pit at different rates of combusion with the several 
fuels and with fixed and with shaking grates. 


DIFFERENCE IN DRAFT BETWEEN FURNACE AND ASH PIT 


During test 1, when burning coke, the mean draft measured above 
the fuel bed was 0.017 inch of water and the draft below the fuel 
bed 0.024 inch; so it seems at first sight that gas was flowing through 
the fuel bed from a space of low pressure to one of high pressure. 
Obviously this did not happen, and’ the paradox is easily explained. 

The two drafts were measured at approximately 2 feet apart, 
vertically, and showed therefore the difference in pressure between 
the gas inside and air outside at the levels where they were measured. 
Had the density of the gas inside been equal to the density of the 
air outside, the difference between the two draft readings would 
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have represented the net pressure acting on the vertical column of 
gas to force it through the fuel bed. But the gas inside was at a 
mean temperature of about 1,300° F., and the air outside at 75° F., 
so that, assuming the density of the gas inside at normal temperature 
and pressure to have been 4 per cent greater than that of air, the 
ratio of the density of the gas at 1,300° F. to the air at 75° F. was 
B01) xt 03 approximately. Let the pressure of the air 
at the level of measuring the furnace draft be denoted by p pounds per 
square foot, or h inches of water, and assume that the density of the 
air was the same at the level 2 feet below where the ash-pit draft 
was measured: Then, since the density of the air is 0.074 pound 
per cubic foot, the air pressure at the lower level will be (p + 2 x 0.074) 


=(p+0.148) pounds per square foot, ors (p+0.148) inches of 


water =h + 0.028. 

The pressure of the gas in the furnace was 0.017 inch of water, 
and in the ash pit 0.024 inch less than the air at the same levels; 
thus the actual pressure acting upward on the column of gas 2 feet 
high was 

(h + 0.028 — 0.024) — (h—0.017) =0.021 inch of water. 

This pressure was used partly to overcome the frictional flow, 
partly to increase the velocity of the gases, and partly to support the 
2-foot column of gas. As the 2-foot column of air exerted a pressure 
of 0.028 inch of water, and the density of the gas was 0.3 that of 
the air, the 2-foot column of gas exerted a pressure of 0.3 x 0.028 = 
0.008 inch of water. ‘Therefore the net pressure used to force the 
gas through the fuel bed and increase its velocity was 0.021—0.008 
= 0.013 inch of water. 

This calculation is not exact, because the mean density of the gas 
in and above the fuel bed is not known precisely; but it suffices to 
explain a common occurrence when fuels are burned at a low rate, 
one may easily be observed in a domestic furnace by closing the 
damper in the flue and opening the ash-pit door, when gases will 
leave the furnace through any openings near its top. Evidently the 
pressure inside must be greater than that outside at the same level 
at the top of the furnace, although the pressure of the air inside 
the ash pit is less than that of the air outside at the ash-pit level. 


DRAFT DROP BETWEEN FURNACE AND GAS EXIT FROM BOILER. 


Figure 22 shows the draft required to draw the flue gases from the 
furnace through the mixing chamber, combustion chamber, and 
flues to their exit from the boiler. It is plotted on a base representing 
the pounds of flue gas flowing from the boiler per hour. 
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INCHES OF WATER. 
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Experiments have shown that a gas flowing through a channel, 
under nearly constant pressure, meets a frictional resistance approxi- 
mately proportional to' the absolute temperature of the gas and the 
square of the weight of gas flowing per unit of time. The curve 
shown in Figure 22 was constructed from the equation 


D=465 x 107? x F233 


where D represents the drop in draft, in inches of water, and F 
represents the pounds of flue gas per hour. 

The exponent 2.3 is greater than 2 because the temperature of the 
flue gas increased as the flow increased. Most of the points represent- 
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DRAFT REQUIRED TO MOVE THE FLUE GASES FROM THE FURNACE THROUGH 
THE BOILER TO THE STACK, 


Fig. 22.—Draft required to move the flue gases from the furnace, through the boiler, to the stack. 


ing the tests lie fairly close to the curve; the two points lying well 
aboye it, near the center, are for two bituminous coal tests in which 
the excess air was low and the mean temperature of the gas in the 
boiler flues was high. 

The point well below the upper part of the curve is for test 14A, 
with coke, and the point well below the center of the curve is for 
test 385A with a mixture of coke breeze and coal. No valid explana- 
tion for the position of these points is evident. 

The draft in some of the tests was also measured at the top of the 
combustion chamber and at the front of the top pass. The total 
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frictional resistance between the furnace and the flue leaving the 
boiler was divided proportionally as follows: Thirty-four per cent 
between the furnace and combustion chamber exit, 22 per cent across 
the top pass, and 44 per cent across the bottom side passes. 


PUBLICATIONS ON THE UTILIZATION OF COAL AND COKE AS 
BOILER FUEL. 


A limited supply of the following publications of the Bureau of 
Mines has been printed and is available for free distribution until the 
edition is exhausted. Requests for all publications can not be granted, 
and to insure equitable distribution applicants are requested to limit 
their selection to publications that may be of especial interest to 
them. Requests for publications should be addressed to the Direc- 
tor, Bureau of Mines. 

The Bureau of Mines issues a list showing all its publications avail- 
able for free distribution as well as those obtainable only from the 
Superintendent of Documents, Government Printing Office, on pay- 
ment of the price of printing. Interested persons should apply to 
the Director, Bureau of Mines, for a copy of the latest list. 


PUBLICATIONS AVAILABLE FOR FREE DISTRIBUTION. 


BUuLueTIN 39. The smoke problem at boiler plants, a preliminary report, by D. T. 
Randall. 1912. 31 pp. 

Butzetin 116. Methods of sampling delivered coal, and specifications for the pur- 
chase of coal for the Government, by G.S. Pope. 1916. 64 pp., dpls., 2 figs. 

Buttetin 135, Combustion of coal and design of furnaces, by Henry Kreisinger. 
C. E. Augustine, and F. K. Ovitz. 1917. 140 pp., 1 pl., 45 figs. 

Butvetin 145. Measuring the temperature of gases in boiler settings, by Henry 
Kreisinger and J. F. Barkley. 1918. 72 pp., 31 figs. 

TecunicaL Paper 80. Hand firing soft coal under power-plant boilers, by Henry 
Kreisinger. 1915. 88 pp., 32 figs. 

TecHNicaL Paper 97. Saving fuel in heating a house, by L. P. Breckenridge and 
S. B. Flagg. 1915. 35 pp., 3 figs. 

TecunicaL Paper 137. Combustion in the fuel bed of hand-fired furnaces, by Henry 
Kreisinger, I*. K. Ovitz, and C, E. Augustine. 1916. 76 pp., 2 pls., 21 figs. 

TrecHnicaL Parer 139. Low-rate combustion in fuel beds of hand-fired furnaces, by 
Henry Kreisinger, C. E. Augustine, and S. H. Katz. 1918. 52 pp., 9 figs. 

TecunicaL Paper 180. Firing bituminous coals in large house-heating boilers, by 
S. B. Flagg. 1917. 22 pp.,1pl., 16 figs. 

Tecunicau Parer 197, Use of the hydrogen-volatile-matter ratio in obtaining the 
net heating value of American coals, by A. C. Fieldner and W. A.Selvig. 1918, 13 
pp., 4 figs. 

Tecunicat Parer 199. Five ways of saving fuel in heating houses, by Henry 
Kreisinger. 1917. 13 pp., 1 fig. 

Tecunicar Paper 208, How to improve the hot-air furnace by C. W. Baker. 1918. 
20 pp. 

Tecunican Paper 217. Saving coal jn steam power-plants, by United States Fuel 

Administration, 1919. 8 pp. 
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TecunicaL Paper 218. Boiler-water treatment, by United States Fuel Admin- 
istration. 1919. 8 pp. 

TECHNICAL Paper 220. Burning steam sizes of anthracite with or without admixture 
of soft coal, by United States Fuel Administration. 1919. 8 pp. 

TecHNicaL Parer 221. Saving steam in industrial heating systems, by United 
States Fuel Administration. 1919. 13 pp., 7 figs. 

TecunicaL Paper 240. Boiler and furnace testing, by the United States Fuel 
Administration. 1920. 23 pp., 3 figs. 

Tecunican Paper 242. Why and how coke should be used for domestic heating, by 
Henry Kreisinger and A. C, Fieldner. 1919. 18 pp., 1 fig. 


PUBLICATIONS THAT MAY BE OBTAINED ONLY THROUGH THE SUPER- 
INTENDENT OF DOCUMENTS. 


ButieTin 8. The flow of heat through furnace walls, by W. T. Ray and Henry 
Kreisinger, 1911. 32 pp., 1 pl., 19 figs. 5 cents. 

BULLETIN 18. The transmission of heat into steam boilers, by Henry Kreisinger 
and W. T. Ray. 1912. 180 pp., 78 figs. 20 cents. me 

BULLETIN 21. The significance of drafts in steam-boiler practice, by W. T. Ray 
and Henry Kreisinger. 1911. 64 pp., 26 figs. 10 cents. 

BULLETIN 23. Steaming tests of coals and related investigations, September 1, 1904, 
to December 31, 1908, by L. P. Breckenridge, Henry Kreisinger, and W, T. Ray. 
1912, 380 pp., 2 pls., 94 figs. 50 cents. 

BuLietin 27. Tests of coal and briquettes as fuel for house-heating boilers by 
D. T. Randall. 1911. 44 pp. 10 cents. 

Bu.ietin 34. Tests of run-of-mine and briquetted coal in a locomotive boiler, by 
W. T. Ray and Henry Kreisinger. 1911. 33 pp., 9 figs. 5 cents. 

BuLvetin 37. Comparative tests of run-of-mine and briquetted coal on locomotives, 
including torpedo-boat tests, and some foreign specifications for briquetted fuel, by 
W.F.M. Goss. 1911, 58 pp., 4 pls., 35 figs. 15 cents. 

Bu.tetin 40. The smokeless combustion of coal in boiler furnaces, with a chapter 
on central heating plants, by D. T. Randall and H. W. Weeks. 1912. 188 pp., 40 
figs. 20 cents. 

TrcHNIcaL Paper 34. Experiments with furnaces for a hand-fired return tubular 
boiler, by 8. B. Flagg, G. C. Cook, and F. E. Woodman. 1914. 32 pp., 1 pl., 4 figs. 
5 cents. 

TECHNICAL Paper 63. Factors governing the combustion of coal in boiler furnaces, 
a preliminary report, by J. K. Clement, J.C. W. Frazer, and C. E. Augustine. 1914. 
46 pp., 26 figs. 10 cents. 

Tecunicat Paper 114, Heat transmission through boiler tubes, by Henry Kreisinger 
and F. K. Ovitz. 1915. 36 pp., 23 figs. 10 cents. 

TrECHNICAL Paper 183. New views of the combustion of the volatile matter in coal, 
by S. H. Katz. 1917. 15 pp., 1 fig. 5 cents. 

TecHNICAL PAPER 191. Central station heating, its economic features with referenc 
to community service, by J. C. White. 1918. 23 pp., 6 figs. 5 cents. 

TecunicaL Paper 195. The tars distilled from bituminous coal in hand-fired fur- 
naces, by 8. H. Katz. 1918. 20 pp., 2 pls., 3 figs. 5 cents. 

TecHNIcAL Paper 204. Economic operation of steam turbo-electric stations, by 
C. T. Hirschfeld and C, L. Karr. 1918. 29 pp., 5 figs. 5 cents. 

TrecunicaLt Paper 205. Saving coal in boiler plants, by Henry Kreisinger. 1918. 
24 pp., 3 figs. 5 cents. 

TECHNICAL Paper 235. Safe storage of coal, by H.H.Stoek. 1920. l0pp. 5cents. 
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